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Introduction
There are several studies involving the aerodynamic and aero-elastic analysis or design of winglets and sweep for improving the performance of wind turbine blades. Johansen and Sørensen [1] investigated the aerodynamics of winglets using computational fluid dynamics (CFD) in a parametric study. Elfarra et al. [2] combined CFD with an optimization algorithm to design a winglet on the National Renewable Energy Laboratory (NREL) Phase VI blade. Gaunaa [3] investigated the aerodynamic efficiency of wind turbine rotors with winglets using a free wake lifting line code. Braaten and Gopinath [4] described a vortex line method coupled to ADAMS and performed simulations of wind turbines with winglets and blade sweep. Verelst and Larsen [5] performed a parametric study for forward-and backward-sweep using HAWC2 [6] . Larwood [7] modified NREL's FAST code to account for swept blades and performed aeroelastic simulations with turbulent inflow. Ding and Zhang [8] designed the sweep curve of a 2 MW wind turbine blade using multi-objective optimization. Finally, Pavese et al. [9] designed a wind turbine swept blade using an extensive load analysis.
The current study differs from the previous works in that simulations of horizontal-axis wind turbines (HAWTs) with winglets and sweep are performed using a vortex-based code in more complex inflow conditions. The complex inflow conditions investigated include turbulent wind and extreme shear. While there are several works applying vortex-based codes for wind turbine wake analyses including complex inflow conditions [10, 11, 12, 13] , the focus of the present work is to perform a preliminary study of the effect of sweep and winglets compared to straight [5, 7, 8, 9 ] relied on the lower-fidelity blade element momentum (BEM) based approaches for modeling the aerodynamics. The in-house aero-elastic vortex code used here is called MIRAS, i.e. Method for Interactive Rotor Aero-elastic Simulations. Specifically, the lifting line aerodynamic module is used in the presented study cases, which relies on two-dimensional (or 3D-corrected) polar data for lift and drag. Elasticity is not considered due to the absence of winglet modeling capabilities.
The current article is organized into four sections: Introduction, methodology, results and conclusions. The methodology section briefly describes the MIRAS code and the setup of the simulation cases in two subsections: Simulation tool and simulation setup. The results section contains the results from the simulations and is comprised of four subsections: Non-turbulent inflow, non-turbulent inflow with extreme shear, turbulent inflow, and turbulent inflow with extreme shear. Lastly, conclusions are given in the last section.
Methodology
The methodology contains two subsections: Simulation tool and simulation setup. In the first subsection, the MIRAS code will be briefly described. The second subsection will describe the setup for the blade shapes and simulation cases.
Simulation tool
MIRAS is capable of simulating long time series (>10 min real time) in a few hours of computational time depending on the resolution and number of computing resources used. The high computational efficiency of MIRAS is due to its particle mesh and high performance computing parallelization implementations. In the traditional approach found in free-wake vortex codes, the wake is represented by constructing vortex filaments where the trajectory of its end-markers is governed by the Biot-Savart interaction law. In the particle mesh, the wind turbine wake is represented by particles that are interpolated onto a mesh. The vorticity field is then constructed on the mesh and a Poisson equation is solved for the velocity in Fourier space using a Fast Fourier Transform algorithm. Parallelization in MIRAS is based on the message passing interface (MPI) software. Each simulation in this study uses eighty 2.8 GHz processors on a Linux cluster. Further details regarding MIRAS and the particle mesh implementation are found in [14] . Even though a hybrid filament-mesh vortex method is described in [14] , the filament part is replaced by particles and a full particle mesh is employed in the current work instead. Stretching and diffusive terms in the vorticity transport equation are computed using finite-differences in the mesh.
Turbulent inflow in MIRAS is simulated by 1) using the Mann model [15, 16] to generate a velocity field (i.e. a turbulence box), 2) transforming the velocity field into a set of vortex particles (i.e. a particle cloud), and 3) releasing gradually the particle cloud in a plane upstream of the wind turbine rotor. The advantage of using a particle cloud is the ability to simulate free turbulence, where the vorticity due to turbulent wind can interact with the vorticity generated by the interaction of the wind with the turbine rotor blades. The methodology represents more accurately the physics occurring on wind turbines operating in turbulent wind than the traditional frozen-/velocity-based approaches typically used in BEM-based codes such as HAWC2 [6] and FAST [17] . The windsimu [18] program is used to generate velocity-field boxes according to the Mann model. The inputs to the windsimu program used in the current study are summarized in Table 1 .
The wind shear in MIRAS is simulated using a prescribed velocity-vorticity boundary layer method [20] . A Lagrangian implementation of the shear terms in the vorticity transport equation with a slip wall boundary condition to model the ground is used. Shear vorticity in vortex stretching and diffusion is computed using finite differences in the mesh, while convective terms Random Seed are given by the particle motion. An extreme power-law wind shear coefficient of 0.45 is employed in all wind shear cases presented in the current article. Details on the inflow turbulence and wind shear modeling are described in detail in [19, 20] .
Simulation setup
To investigate the effect of winglets and sweep on wind turbine performance, the NREL 5 MW wind turbine is used as the reference turbine. Polar data from [21] , which includes threedimensional (3D) corrections for rotational effects near the blade root region, is employed in the lifting line procedure. The flow around the tip for blades with winglets can be highly 3D, thus the employment of uncorrected polar data in this region may be a poor approximation. All simulations are carried out with acknowledgment of this limitation. Figures 1 and 2 depict the surface geometries of the NREL 5 MW blades used in the current study. Be aware that the blades in MIRAS are simulated as lifting lines and not as 3D surfaces. Therefore, all 3D surface geometries shown in the current article are for visualization purposes. Figure 1 depicts the blade (a) without and (b) with a downstream winglet. Downstream is defined as shown in Figure 4 (a). Although there is the issue of tower clearance, only downstream/downwind winglets are investigated in the current study, since downstream winglets have been reported to be more effective than upstream/upwind winglets [1, 3] . Similarly, only backward-swept blades are studied, since backward-sweep and not forward-sweep have been reported to give performance improvements [5, 9] . Figure 2 depicts the blade with and without backward-sweep. The winglet shape and sweep are chosen arbitrarily. The winglet begins at 97.3% of the blade length with a tip that points 3 m downstream.
The following equation is used to define the sweep [22, 23] :
where y is the local distance from the pitch axis to the sweep curve, d tip is the distance from the pitch axis to the sweep curve at the blade tip, x is the local distance along the blade measured from the blade root, x start is the position of the beginning of the blade sweep, L blade is the Section 3 investigates four blade shapes: straight, winglet, swept-short, and swept-long. The main difference between the short and long swept blades is the arc length of the blade. The short swept blade has the same arc length as the straight blade but with a slightly smaller rotor radius. The long swept blade has a slightly larger arc length but with the same rotor radius. Due to the extension, swept-long will have a slightly smaller sweep gradient than swept-short. The blade with the winglet has a larger arc length than the straight blade, but with the same rotor radius. Tables 2 and 3 contain the numerical values of power and thrust coefficients for the straight, winglet and swept blades. To calculate the coefficients, the rotor radius of the straight blade is used for all cases.
Non-turbulent inflow
With the exception of swept-short for 8.0 m/s, Tables 2 and 3 shows that adding winglets or sweep to blades increases the power output. The thrust also decreases but not for the swept-long blade. The thrust decreases for the winglet blade because the blade tip is angled away from the wind inflow, decreasing the normal load at the tip. At the same time, more power is achieved because the blades are longer, providing more torque. The difference in power and thrust for the short and long swept blades is due to the differences in rotor radius. The short swept blade produces less thrust because the rotor radius is smaller. Figure 5 Tables 2 and 3 , the winglet blade produces less thrust compared to the straight blade particularly for higher wind speeds. approximately 600 seconds excluding transients. Table 6 contains the numerical values of torque, thrust, and blade 1 flapwise root-bending moment (Mf1) for the straight, winglet and swept blades. The equivalent load (EqL) based on Mf1 is calculated using rainflow counting for a 20-year lifespan (20×365×24×60×60), a frequency of 1 Hz, and a material exponent of m = 10 . Other quantities include the mean, maximum, minimum, and the standard deviation (STD). The row labeled as "Score" in Table 6 represents the sum of the scoring from all quantities for each column in the table. Each quantity for each blade type is given a score between 1 and 4 based on its performance with respect to the other blade types. For example, swept-long has the highest "Torque mean", thus is assigned 4 points. Straight has the lowest mean torque, thus is assigned only 1 point. Winglet and swept-short are assigned 3 and 2 points, respectively, based on the sorting of the mean torque. Similarly, the scoring for the mean thrust is: Straight (2 points), winglet (3 points), swept-short (4 points) and swept-long (1 point). The blade type with the highest total score will be the most preferable blade based on this scoring system. A lower STD should lower fatigue loads and is preferred over a higher STD. The scoring system used implies that the winglet blade, with 41 points, is the most preferred blade type out-of the four blades. The least preferred blade type is the swept-long blade with only 22 points. Swept-long performs poorly because it received 1 point for all quantities except for Torque mean, Torque max, and Torque min. Although the results suggest that winglet and swept-short may perform better in turbulent wind than the straight blade, the results shown in Table 6 are influenced by the resolution of the mesh. Furthermore, they are based on a single wind speed and turbulence seed. More simulations with different wind speeds and turbulence seeds including aero-elastic effects and a controller should be performed to check if similar results are obtained. In addition, the differences in geometry between swept-short and swept-long are quite small and both produce a very different score. Changing the winglet or sweep dimensions slightly may change the results significantly. Figure 7 depicts the instantaneous velocity magnitude for the 8.0 m/s turbulent inflow simulation with extreme shear of the NREL 5 MW wind turbine with (a) straight and (b) swept-long blades. The MIRAS simulations are purely aerodynamic and for a mean wind speed of 8.0 m/s. There is no controller, therefore the rotor rotational speed is fixed at 9.16 RPM. The time simulated is approximately 600 seconds excluding transients. Table 7 contains the numerical values of torque, thrust, and Mf1 for the straight, winglet and swept blades. All quantities, i.e. mean, max, min, STD, EqL, etc., and the meaning of the "Score" row are the same as described in subsection 3.3. The scoring system used in Table 7 implies that the swept-short blade, with 43 points, is the most preferred blade type out-of the Table 7 are similar to those in Table 6 , except the winglet blade came second instead of first for the highest score. Swept-short scored better than winglet because of lower STD, thrust, and Mf1 values. More simulations with finer blade and mesh grids may be required to quantify statistically which blade type performs better than the other types.
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Conclusions
An in-house aero-elastic vortex code, called MIRAS, is used to investigate the aerodynamic performance of winglets and sweep on wind turbine blades in simple and complex inflow conditions. Previous studies using vortex codes applied to study winglets and blade sweep have typically not considered complex inflow conditions such as turbulent wind and shear. While there are several works applying vortex-based codes for wind turbine wake analyses including complex inflow conditions, the focus of the present work was to perform a preliminary study of the effect of sweep and winglets compared to straight blades on horizontal-axis wind turbines (HAWTs). The MIRAS code is applied on the NREL 5 MW wind turbine with an arbitrary winglet shape and blade sweep. Results for simpler inflow conditions indicate that HAWT blades with sweep or winglets may be better in performance compared to their straight blade counterparts. For complex inflow cases such as turbulent wind with extreme shear, shorterswept and winglet blades received the highest score because they produced lower loads on the 
